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Abstract

Polyoxometalates (POMs) represent a broad class of anionic inorganic (V, Mo, W) clus-
ters with versatile structures of chemical and physical properties. POMs are inhibitors
of many enzymes, including P-type ATPases, well-known to be a target of several
approved drugs. Herein, two new hybrid POMs with Mo and mixed V/W, namely
(CzHgN])6[V2M018062].3H20 (1) and (C4H16N3)4[V2W4019]3.12H20 (2), were synthe—
sized via wet chemical methods in aqueous solution, and their purity was confirmed
and characterized by single X-ray diffraction and infrared spectroscopy. The cations are
dimethylammonium ((C;HgN)*) and diethylenetriammonium ((C4H16N3)3), respectively.
POMs biological activities were investigated, specifically their inhibitory potential against
Ca?*-ATPase. The sarcoplasmic reticulum Ca?"-ATPase activities were measured spec-
trophotometrically using the coupled enzyme pyruvate kinase/lactate dehydrogenase
assay. For the Ca?*-ATPase activity, Dawson (1) showed an ICsq value of 3.4 uM, whereas
Lindqvist (2) displayed a value of 45.1 uM. The Ca?*-ATPase inhibitory potential of these
POMs can be correlated with the net charge (namely 6- and 4-) and the charge density
(namely 0.33 and 0.67). A structure-activity-relationship was established for a series of
17 POMs Ca?*-ATPase inhibitors correlating ICsq values and POMs net charge and POMs
charge density. The described features make Dawson (1) and Lindqvist (2) attractive POMs
in a wide range of chemistry fields as well as in biomedical applications.

Keywords: polyoxometalates; Ca?*-ATPase inhibitors; POMs synthesis; coupled enzyme
pyruvate kinase/lactate dehydrogenase assay; structure-activity correlations

1. Introduction

Polyoxometalates (POMs) constitute a large and versatile class of anionic metal-oxide
clusters composed of early transition metals, primarily molybdenum (Mo), tungsten (W),
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or vanadium (V) in their highest oxidation states, interconnected through bridging oxygen
atoms. Based on their composition and structure, POMs are broadly categorized into
two main types: isopolyoxometalates (IPOMs), which are formed solely from metal-oxo
units, and heteropolyoxometalates (HPOMs), which feature one or more heteroatoms (such
as phosphorus, silicon, or arsenic) embedded within their frameworks, there by offering
greater structural and functional diversity [1-4] (Figure 1).

HPOMos

Figure 1. Schematic representation of selected POMs structures reported between 2015 and
2024 [5-11]; containing Mo, V or W. IPOMs, isopolyoxometalates; HPOMs, heteropolyoxometalates;
POVs, polyoxovanadates; POMos, polyoxomolybdates; POTs, polyoxotungstates.

Among the numerous structural motifs, Lindqvist and Dawson architectures have re-
ceived significant attention due to their well-defined geometries and functional potential in
various applications [12-16]. Lindqvist-type POMs, typically with the formula [MgO19]"~
(where M = Mo or W), are small, highly symmetrical clusters composed of six edge-sharing
metal-oxo octahedrals. Their condensed structures make them excellent candidates for
studies involving molecular recognition, bio-interactions [12], and enzymatic inhibition [13].
Dawson-type POMs, generally expressed as [X;M;13062]"~ (X =P, Si, or As), are larger and
structurally more complex, consisting of 18 metal-oxo units surrounding two heteroatoms.
These features contribute to a greater number of redox-active sites and an expanded surface
area, which enhances their utility in catalysis [14] and biological systems [15], particularly
where multivalent interactions are beneficial (Figure 2).

The hybridization of POMs with organic moieties via covalent bonding, ionic interac-
tions, or coordination has further broadened their applicability [16]. Moreover, hybridiza-
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tion enables the selective targeting of biomolecules, making these materials promising
platforms for biomedical applications, such as enzyme inhibition, drug delivery, and molec-
ular imaging. Beyond biology, hybrid POMs are also being explored for advanced roles in
catalysis, materials chemistry, and nanotechnology [17-19].

The interaction of POVs with proteins was reviewed in detail [20]. However, recently,
several studies described interactions between oxidovanadium complexes and proteins
resulting in redox transformations which resulted in the oxidation of V!V to VV and to
the formation of a series of POVs that interact and can be formed within the protein
structure [21,22]. In fact, the complex chemistry of vanadium is very well known, and that
is why the hydrolysis, ligand exchange, redox properties of vanadium compounds and
its implications of solution transformation on biological systems, therapeutics, and the
environment have been recently revised [23].

. Applications |

A Modulating protein conformation

Aggregation

Figure 2. Selected POMs biological and catalytic effects reported between 2015 and 2024, such as
ecto-ATPases activity inhibition in HIV particles [5]; antibacterial activity [6]; ex-vivo inhibition
of Nat/K*-ATPase activity [7]; anticancer activity [8]; inhibition of Ca?*-ATPase [9]; oxidative
desulfurization catalysis [10] and inhibition of £ amyloid (A8) aggregation [11].

The main role of the sarcoplasmic reticulum (SR) Ca®*-ATPase is translocation of
cellular Ca%* from the cytoplasm to the SR, which is involved in muscle relaxation [24].
However, Ca**-ATPase is globally associated with cellular calcium homeostasis, a process
of ion transport that is coupled with ATP hydrolysis. ATP hydrolysis follows a well-known
mechanism traversing at least four intermediate steps and two protein conformations,
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namely E1 and E2, with E1 being the conformation with high affinity for the exported
substrate and E2 being the form with high affinity for the imported substrate [24]. As
SR vesicles from skeletal muscle contain a large amount of Ca?*-ATPase, they represent
a useful in vitro model to study the effects of drugs and POMs on calcium homeosta-
sis [25,26]. Moreover, Ca?*-ATPases are transmembrane enzymes critical for regulating
intracellular calcium levels, and their inhibition is a strategic target for modulating calcium-
dependent signaling pathways. In fact, besides targeting these EIE2 ATPases, POMs
were also described as an agonist of P2X purinergic receptors from neuron cells, inducing
changes in intracellular concentrations through different signaling pathways [27]. In the
context of Ca2*-ATPase inhibition, both Lindqvist and Dawson-type POMs have shown
considerable promise.

Lindqvist-type POMs, owing to their small size and symmetrical configuration, pos-
sess favorable diffusion properties that support efficient interaction with enzyme sur-
faces, facilitating mechanistic studies of enzyme inhibition [13]. In contrast, Dawson-type
POMs offer larger and more interactive surfaces, along with multiple redox centers, which
enable stronger and potentially multi-site binding to enzymatic active or regulatory re-
gions [13]. These structural distinctions not only affect the binding affinity and inhibitory
strength of each type, but also provide complementary insights into the modulation of
Ca?*-ATPase activity. Such comparative studies are essential for advancing the rational
design of POM-based inhibitors with therapeutic potential in calcium-related disorders.
Herein, we analyzed for the first time the effects of two hybrid polyoxotungstates (POTs)
at the sarcoplasmic reticulum (SR) Ca®*-ATPase activity. Specifically, this study aims to
(i) synthesize and characterize two novel hybrid polyoxometalates belonging to the Daw-
son and Lindqvist structural families, namely (CoHgN)g[V2Mo180¢,]-3H,O (compound 1)
and (C4H14N3)4[VoW4019]3.12H,0 (compound 2), respectively; (ii) identify which specific
hybrid POT is a more potent inhibitor and (iii) explore structure-activity correlations for all
the POMs described in the literature using the same experimental model.

2. Results and Discussion
2.1. Synthesis

Compound 1 was synthesized by dissolving sodium molybdate dihydrate (Na;MoOy4-2H,O,
>99%, Sigma-Aldrich, Darmstadt, Germany) (0.65 g, 2.69 mmol) and ammonium metavanadate
(NH4VO3, >99%, Alfa Aesar, Ward Hill, MA, USA) (0.1 g, 0.86 mmol) in 30 mL of distilled
water. After stirring for 2 min, dimethylamine ((CH3),NH, 40 wt.% in water, Sigma-Aldrich,
Darmstadt, Germany) (0.65 mL, 9.8 mmol) was added to the solution, and the pH was adjusted
to 4 using hydrochloric acid (HCl, 37%, Merck, Darmstadt, Germany). After HCI addition the
solution changes color to orange (Figure 3). The mixture was stirred and refluxed for 7 h. Slow
evaporation of the solution at room temperature over 4 days yielded dark green crystals suitable
for single-crystal X-ray diffraction analysis. (yield: 0.35 g, 42%; yield based on Mo: 95%; yield
based on V: 33%).

Compound 2 was synthesized under conditions similar to those of compound 1
(Figure 3). Sodium tungstate monohydrate (Na, WO,4-H,O, >99%, Sigma-Aldrich, Darm-
stadt, Germany) (1.32 g, 4.23 mmol) and vanadium(V) oxide (V,0s, 99.6%, Alfa Aesar,
Ward Hill, MA, USA) (0.10 g, 0.55 mmol) were dissolved in 30 mL of distilled water.
The pH of the solution was adjusted to 4 by the dropwise addition of hydrochloric acid
(HC1, 37%, Merck, Darmstadt, Germany), followed by the addition of diethylenetriamine
(HoNCH,CH,NHCH,CH,NH,, >99%, Sigma-Aldrich, Darmstadt, Germany) (0.65 mL,
6.17 mmol) instead of dimethylamine. The reaction mixture was stirred under reflux for
5 h. The resulting solution was left to evaporate slowly at room temperature for one month,
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yielding yellow crystals suitable for single-crystal X-ray diffraction analysis. (yield: 0.50 g,
38%; yield based on W: 36%; yield based on V: 69%).
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Figure 3. Schematic representation of the synthesis of POMs: (CoHgN)g[VoMo180¢,]-3H,O (1) and
(C4H16N3)4[V2W4019]3.12H,0 (2).

2.2. Crystallization of the Compounds

Single crystals of the compounds were obtained by slow evaporation of an aqueous
solution of the purified product at room temperature. The reaction mixture was filtered to
remove any insoluble impurities, and the filtrate was left undisturbed for several days until
well-formed crystals suitable for single-crystal X-ray diffraction analysis were obtained. The
crystals were then carefully collected and dried under ambient conditions. Single-crystal
X-ray diffraction data were collected at 109 K for compound 1 using a Bruker PHOTON
III DUO diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) equipped with a micro-
focus sealed X-ray tube, and at 296 K for compound 2 using a Bruker Kappa APEXII CCD
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) equipped with a fine-focus sealed
X-ray tube.

2.3. Characterization of the Compounds

The crystal structure of compound 1 reveals that it crystallizes in the monoclinic
space group P27 /n. This novel hybrid material incorporates a Dawson-type polyoxometa-
late, [Vo.Mo130¢216~, charge balanced by six dimethylammonium cations (C,HgN™) and
accompanied by three lattice water molecules (Figure 4A).

The adjacent layers are additionally stabilized through an extensive network of hydro-
gen bonds involving the protonated dimethylammonium (C,HgN™*) cations, leading to the
formation of a three-dimensional open-framework architecture. It is created by close pack-
ing of oxygen atoms with V and Mo atoms in the distorted tetrahedral and octahedral voids,
respectively. In the Dawson-type polyoxometalate (POM) [28], the molybdenum atoms ex-
hibit two distinct structural environments: six ‘cap” Mo atoms are located on vertical mirror
planes, arranged in two groups of three, while the remaining twelve equatorial Mo atoms
are organized into two sets of six but are not situated on any mirror plane [28] (Figure 4B).
The cluster contains four distinct types of oxygen atoms based on their coordination modes:
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(i) eighteen terminal oxygen atoms each coordinate to a single Mo atom, with Mo-O bond
lengths ranging from 1.675(5) to 1.795(5) A; (i) thirty-six bridging oxygen atoms are each
shared between two Mo atoms, exhibiting Mo—O distances between 1.803(5) and 1.994(5)
A; (iii) six triply bridging oxygen atoms are coordinated to one V atom and two Mo atoms,
with Mo-O bond lengths ranging from 2.290(12) to 2.377(13) A; (iv) finally, two py-oxygen
atoms bridge one V atom and three Mo atoms, with Mo-O distances varying between
1.7551(4) and 2.306(4) A. The variations in the O-Mo-O bond angles, deviating from the
ideal values of 90° for cis-oriented oxygen atoms and 180° for trans-oriented oxygen atoms,
indicate the degree of distortion within the MoOg octahedra. Specifically, cis O-Mo-O
angles range from 71.31(16)° to 135.031(2)°, while trans angles span 148.8(3)° to 170.0(2)°
(Table S1).

A B

Figure 4. Views of the asymmetric unit contents for the crystal structures of compounds (1) (A), and
its polyhedral representation (B). Color code for B: red, oxygen; purple, Mo; yellow, V.

All molybdenum centers exhibit octahedral coordination geometries, albeit with
varying degrees of distortion. The Mo atoms are shifted into the direction of the terminal
oxygen atoms away from the centers of the octahedra. The bond length and bond-angle
distortion indices were calculated following the Baur method [29]. The calculated distortion
indices fall within the ranges of 0.055-0.113 for ID (Mo—-O) and 0.223-0.229 for ID (O-Mo-
O), reflecting moderate distortions in the coordination environment of molybdenum. The
Mo---Mo separations between corner-sharing MoOg octahedra range from 3.668(1) to
3.866(4) A, which are significantly longer than those observed for edge-sharing octahedra
[Mo---Mo = 3.310(4)-3.387(4) A]. Overall, the Mo—-O bond lengths and Mo---Mo distances
observed within the polyoxomolybdate framework of the hybrid compound are consistent
with previously reported data for Dawson-type structures [30]. The Mo-V distances are in
the 3.5262(12)-3.5827(12) A range. The V-O bond lengths and O-V-O bond angles differ only
slightly in the compounds and are in good agreement with those bond lengths and angles
found in other compounds containing the (P;Mo0130g2)®~ anion [31]. Crystallographic data
and refinement details are summarized in Table S5.

Bond valence sum (BVS) calculations performed using the Brown and Altermatt ap-
proach [32] indicate that all tungsten centers exhibit valence sums ranging from 5.969 to 6.422,
with an average value of 6.045, closely matching the expected oxidation state of +6 for W®*.
The calculated bond valence sums for the V>* atoms are 5.134 and 4.986, respectively. Within
the polyanion, terminal oxygen atoms display bond valences in the range of 1.690-1.823 va-
lence units, while bridging oxygen atoms exhibit values between 1.651 and 2.030 valence units.
The [VoMo1304]° anions, together with dimethylammonium counterions and lattice water
molecules, engage in extensive hydrogen-bonding interactions (Table S3). These interactions
involve N-H---O, O-H-:-O, and C-H:--O contacts, giving rise to one-dimensional hydrogen-
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bonded chains oriented along the crystallographic [010] direction (Figure 5). The measured
bond lengths and angles (Table S1) are consistent with values reported for analogous systems
containing dimethylammonium cations and water molecules [33].

Figure 5. Hydrogen bonding interactions between the organic cations, water molecules, and terminal
oxygen atoms of the polyanions in compound (1) along the [010] direction. Green dashed lines

represent hydrogen bonds.

In contrast, compound 2 crystallizes in the monoclinic space group P2;/c and features
discrete Lindqvist-type [V,W4019]*~ anions. Charge neutrality is achieved by the incor-
poration of protonated diethylenetriamine cations (C4H16N3)3*. The crystal structure also
contains six co-crystallized water molecules and one neutral diethylenetriamine molecule.
The geometric parameters of the structure (Table S2) closely match those previously re-
ported for systems involving the diethylenetriamine cation [34] (Figure 6A).

A B

owrv
ow
®o0
_H
®N

®c .

Figure 6. Views of the asymmetric unit contents for the crystal structures of compound 2 (A), and its

polyhedral representation (B).
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The [V,W,4019]*~ anion retains its canonical highly symmetric structure, composed of
six edge-sharing MOg octahedra centered around a pg-oxo atom. The M-O bond distances
reveal that the shortest ones correspond to the metal-terminal oxygen bonds, with values
ranging from 1.638(12) to 1.711(11) A. In contrast, the M-Oc distances, involving central
oxygen atoms, are the longest, falling between 2.282(11) and 3.2335(15) A. The M-Ob
distances, involving bridging oxygen atoms, exhibit average values between 1.881(11)
and 1.975(11) A (Table S2). The O-M-O bond angles range from 76.1(4)° to 179.7(4)°
(Table S2). These structural parameters are consistent with those previously reported for
similar Lindqvist-type clusters [35]. To further assess the local environment around the
metal centers, the octahedral distortion index (ID) was calculated, yielding values between
0.017 and 0.026 for the W-Og and V-Og octahedra, respectively. These values indicate slight
deviations from ideal octahedral geometry, suggesting minor structural relaxation within
the polyoxometalate core. Regarding the organic base, precise geometrical parameters were
also determined: C—-C bond lengths range from 1.45(2)-1.52(2) A, while C-N bond lengths
fall within 1.46(2)-1.53(2) A. The internal bond angles within the organic fragment vary
between 88(10)° and 13(10)°. These values confirm the structural compatibility between
the organic cation and the inorganic anion, thereby supporting the stability of the resulting
hybrid framework.

The [V,W4019]>~ anions are involved in a network of non-covalent interactions,
primarily governed by electrostatic forces with the organic counterions. Additionally,
terminal and bridging oxygen atoms of the POM core participate in hydrogen bonding
interactions with protonated amine groups (N-H---O, C-H:--O) and co-crystallized water
molecules O-H:--O (Table S4). These interactions contribute to the formation of a layered
supramolecular architecture, where alternating layers of polyoxometalate anions and
organic cations stack along the a-axis, resulting in infinite one-dimensional chains (Figure 7).

Figure 7. Hydrogen bonding interactions between the organic cations, water molecules, and terminal
oxygen atoms of the polyanions in compound (2) along the [100] direction. Magenta dashed lines
represent hydrogen bonds.

The IR spectrum for both title compounds (Figure 8) exhibits characteristic vibrational
bands, allowing for the assignment of specific functional groups within these hybrid
materials. For Dawson-type hybrid polyoxometalate, a band at 935 cm ™! is attributed
to a combination of v(M-Ot) stretching vibrations. For Lindqvist-type, this combination
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appears in the 1140-953 cm ! range. The asymmetric stretching vibration, vas(M-Ot),
is observed at 732-799 cm~! for 1, while in the Lindqvist-type compound it appears at
775 cm~!. Furthermore, the symmetric stretching vibration, vs(M-Ot), is found at 509 cm ™!
for Dawson, and at 576 cm ! for 2 [36].

A B
100 ~ 100 -
s 3
S S
)] []
(2]
£ 2 g
£ 3 R ©
E 4 o 3% £ ©
7] T N < ]
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© -~ E
= = 60
60 - o
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M~ N~
50 T T T T T T T T T T T T T T
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Wavenumber (cm‘1) Wavenumber (cm'1)

Figure 8. The experimental infrared spectra of compounds 1 (A) and 2 (B), respectively,
(C2HgN1)6[V2M015806,].3H20 and (C4H16N3)4[V2W4O19]3.12H,0.

Detailed assignments are described at Table 1. The presence of water molecules is
confirmed by the v(O—H) stretching vibrations observed at 3465 cm ! for the Dawson-type
material and 3436 cm ! for compound 2. The corresponding §(O—H) bending modes
are detected at approximately 1583 cm~! for 1 and 1621-1586 cm~! for Lindqvist, con-
sistent with data from the literature [37]. Additional peaks between 1000-3029 cm ! are
attributed to the various vibrational modes of the organic cations — the dimethylammo-
nium (C;HgNj)e* in compound 1 [38] and the diethylenetriamine (C4H4N3)3* cation
in the Lindqvist-type structure [39]. The observed frequencies and their relative inten-
sities for all bands show good correlation with values from the literature for analogous

compounds, further supporting the structural data obtained from single-crystal X-ray
diffraction (SC-XRD).

Table 1. Characteristic infrared absorption bands (em™1) of compounds (1) and (2).

Assignment (C2H8N1)6[V2M018062].3'H20 (C4H16N3)4[V2W4019]3.12H20

v M—Ot 935 1140-953
Vas M—Ot 732-799 775
vs M—Ot 509 576
vO—H 3465 3436
dN—H 3017-2970 3029
vC—N 2417 2870
5 O—H 1583 1621-1586
S N—H 1460-1365 1511-1442
SN—C
5 C—C 1115-1212 1200

2.4. Polyoxometalates Inhibition of Ca’*-ATPase

In order to evaluate the inhibition potential for each of the POMs compounds regarding
the Ca%*-ATPase activity, increasing concentrations of each POM and a control without
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the presence of the inhibitor were used in order to determine the ICs values. For each of
these assays, an absorbance versus time kinetic is obtained. In the absence of the POM,
the control assay was obtained—that is, a kinetic with a higher slope, while by increasing
the concentrations of the POMs, lower enzymatic kinetic slopes were found due to the
inhibition of the ATPase activity (Figure S1).

Using this method, the effects of the inhibitors can be observed in real time and
recorded within 2 to 5 min upon addition of the inhibitor, as described previously [13,25,26].
With these data, the SR Ca®*-ATPase activity percentage and a graph for Ca?*-ATPase
in percentage versus concentration of the inhibitor, POMs compounds, can be obtained
(Figure 9). For each compound, the equation governing the trendline of this can be solved
for 50% in order to determine the ICs( value. The results obtained for compound (1) showed
an ICs) value of 3.4 uM, whereas compound (2) displayed a value of 45.1 uM (Figure 9).

100
X
> 80
&
% y =-0.0005x°+0.0271x" - 0.5272x +5.1062x? - 26.796x +99.416
S 60 4 R?=0.9992
Q
(%2}
T
& 40
<
& 3~
O 20 -
-3
(%)
00 . . .
0 5 10 15
[C1] um
100
3 y = 0.0094x?~ 1.5372x +100.18
> 80 R?=0.9928
2
E 60
Q
(2]
&
40 -
=
<
+
Nﬂ!
O 20
-2
(%}
00 : . : . : . . .
0 20 40 60 80

[C2] um

Figure 9. Inhibition curve of SR-Ca*-ATPase activity used for the determination of the ICsy values of
compounds 1 (A) and 2 (B). Three independent assays were performed for each concentration. ICsq
value corresponds to inhibitor concentration needed for obtaining 50% of inhibition of control in the
absence of the inhibitor.

SR Ca2*-ATPase vesicles are a well-known model to study the effects of clinically
approved drugs on the activity of Ca?*-ATPase and consequently on the effects on calcium
translocations and homeostasis with implications in several disease treatments [40-42].
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Moreover, Ca?*-ATPase was described as a putative POM target in cancer [15], among
other enzymes associated with several physiological and pathological processes.

Ca®* ions are the major intracellular second messenger involved in a multitude of
cellular functions [43]. A growing number of studies identify dysregulation of calcium
(Ca?*) homeostasis, particularly the anomalous increase in cytosolic Ca?* concentrations, as
being implicated in the cascade of pathophysiological events that trigger the clinical picture
for Alzheimer’s disease, for example [44]. Thus, the regulation of intracellular Ca®* levels
is tightly controlled by an intricate variety of channels, pumps, exchangers and buffering
systems, which act in a coordinated manner to maintain the balance necessary for optimal
neuronal performance. This state of balance gives rise to name of calcium homeostasis [45].

One of the components of these regulatory mechanisms is Ca?*-ATPases, a family of
transport proteins that meticulously calibrate calcium levels within the cell [46]. These
molecular pumps work incessantly, promoting the extrusion of calcium from the cytosol
by active transport, either through the plasma membrane to the extracellular environ-
ment by plasma membrane Ca?*-ATPases (PMCA), or for intra-cellular storage in the
endoplasmic reticulum (ER) by the action of sarcoplasmic/endoplasmic reticulum Ca?*-
ATPases (SERCA), or in the Golgi complex mediated by secretory pathway Ca?*-ATPases
(SPCA) [44]. Driven by ATP hydrolysis, these pumps contribute to the reestablishment of
resting Ca?* concentrations after the action potential, and to the maintenance of calcium
homeostasis [46].

Disruption of these pumps or due to pathological influx of Ca?*, induces a state
of chronic elevation of intracellular calcium concentration [47,48]. The consequences of
imbalanced calcium homeostasis are profound, precipitating a cascade of deleterious events
that include the activation of enzymatic pathways that lead to cell death, the production
of ROS and the induction of inflammatory responses, accelerating the progression of, for
example, AD [43]. Recently, polyoxometalates (POMs) were described to present agonistic
properties on purinergic P2 receptors from neuron cells [27]. Thus, POMs inhibited the
P-type ATPases [13,26] and also modulated the cytosolic calcium concentrations in neurons,
pointing out a useful tool in the studies of pathological processes of AD [25,27,41-48].

Besides POMs, thapsigargin (TG), celecoxib (CE), and cyclopiazonic acid (CPA) are
well-known clinically approved drugs that target P-type ATPases such as the Ca?*-ATPase.
In fact, for Ca?*-ATPase, TG showed an ICsy of 0.001-0.029 1M, CPA an ICs of 0.1-0.2 uM,
and celecoxib an ICs of 35 uM. Besides the organic compounds, CaZ*-ATPase vesicles were
used to study the inhibition potential of inorganic compounds. Thus, several inorganic
compounds were described as potent CaZ*-ATPases inhibitors, such as POMs and metals
complexes with ICs values between 0.3 to 200 uM, which are comparable with the ones
described in the present paper [7,9,13,25,26,40]. Table 2 summarizes some of the ICs, values
found for 17 POMs regarding Ca*-ATPase activity, determined with the same experimental
model [7,9,13,25,26,49].

As can be observed in Table 2 compound 1, V,Mo;g (Wells-Dawson), presents an ICs
value of inhibition (3.4) higher than other POTs Wells-Dawson type of structures, such as
P,Wig, SeaWpg and P,V3Wi5 (all below 1 pM). On the other hand, compound 2 (Lindqvist)
shows to be four times more potent that the Anderson type (TeWg). However, it has a similar
inhibition potential than other structure types of POMs, such as the MnV1; (58 uM) Keggin
type. Structure-activity correlations between the ICsj values of inhibition and their charge
and charge density expressed as charge of the POM divided by its number of metal addenda
atoms can be found in Figure 10. The charge densities for POMs clusters were calculated as
the ratio between the POM charge q and the number of tungsten/vanadium/molybdenum
atoms m as referred to in Table 2. The lower Ca?*-ATPase inhibitory potential for V,Wy in
comparison to V,Moyg, which is 45.1 and 3.4 pM, respectively, can be eventually explained



Molecules 2025, 30, 4334

12 of 19

because it presents a lower net charge and a higher charge density (Figure 10). In fact, it
can be observed that increasing the POMs negative net charge from —4 to —14 favors the
Ca?*-ATPase inhibition potential of the POMs. The IC5, values are lowest for the POMs
with higher negative charges, such as Se;Wy9 and PsWj3, although ICs values below
1 uM can also be found for POMs with net charge of 6 — such as for PyW1g and P,V3Wi5
(Figure 10A,B).

Table 2. Comparison of the Ca?*-ATPase inhibition potential for 17 POMs containing W, V or Mo,
using the same experimental mode, method and conditions for measuring Ca?*-ATPase activity.

Compounds Net Charge POM Ca2*-ATPase Reference
Charge Density Archetype IC50 (uM)

P2W18 6- 0.33 Wells-Dawson 0.6 [13]
Se2W29 14- 0.48 Wells-Dawson 0.3 [13]
CoWI11Ti 8- 0.72 Keggin 4 [13]
P2W12 12- 1.00 Keggin 11 [13]
SiW9 9- 1.00 Keggin 16 [13]
TeWé6 6- 1.00 Anderson 200 [13]
PV14 9- 0.64 Keggin 5.4 [49]
Metf-V10 6- 0.60 Decavanadate 87.4 [9]
MnV11 5- 0.42 Keggin 58 [7]
MnV13 7- 0.50 Keggin 31 [7]
V10 6- 0.60 Decavanadate 15 [26]
P2W15 12- 0.80 Wells-Dawson 0.5 [25]
P2W17 10- 0.56 Wells-Dawson 0.7 [25]
P5W30 14- 0.47 Preyssler 0.4 [25]
P2V3W15 9- 0.50 Wells-Dawson 1.0 [25]

V2Mo18 (1) 6- 0.33 Wells-Dawson 34 this study

V2W4019 (2) 4- 0.67 Lindqvist 45.1 this study

Conversely, the different ATPase inhibition potential of VoW, and VoMojg can also be
explained by the POMs charge density. By increasing the charge density, it was observed
that the ATPase inhibition potential decreases (Figure 10C,D). V,Mo;5°~ shows an q/m
value of 0.33, the same as for P,Wyg and P,V3Wy5 (Table 2). In fact, POMs with moderate
charge density (q/m= 0.33) have been suggested to interact strongly with various surfaces
of different or mixed polarities, as presented by a lipid bilayer and/or a protein molecule
favoring a chaotropic effect [50]. Still, both the Preyssler-type anion and Se; W4~ with
a similar charge density (q/m = 0.47 and 0.48, respectively) show the highest inhibitory
potential, at IC59 = 0.37 and 0.3 pM, respectively. On the other hand, the two Wells-Dawson
anions V,Mo1g®~ and Wy5V3%~ have the same q/m value of 0.33, but their inhibition
potentials are slightly different, probably due to the presence of substituting V ions, which
changes the POMs charge distribution and possibly the binding mode as well.

Additionally, the reason why POMs showed stronger inhibitory effect on Ca?*-ATPase
activity at the molecular level might be due to specific protein interactions, as previously
described for the interaction of decaniobate and decavanadate with actin [51]. In this study,
it was described that V1o binds to actin binding site alfa, the same binding site for the native
ligand ATP, probably because Lys/Arg interactions are favored at the binding site, contrary
to Nbyg presenting a lower charge density [51]. Although strong POMs interactions do
not equal strong inhibition, it is plausible that electrostatic interactions play, at least in
part, a potential role, whereas metformin-decavanadate has an ICsy ATPase inhibition
value six times higher than Vij alone [9]. It was also demonstrated that, in the case of
medium-size POMs where the charge is more than —12 and number of addenda atoms is
not higher than 22, POM antibacterial activity mainly depends on the total net charge [52].
Still, further studies are needed to unravel at molecular level why certain POMs showed a
stronger inhibitory effect on Ca**-ATPase as well as on Na* /K*-ATPase and E-NTPDase
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activity [53,54]. In fact, as previously observed in others’ studies, inhibitory activities and
POMs parameters correlations, for example with the same Ca?*- ATPase and also with
microorganisms and/or cancer cells, although not well defined, provides new insights into

future research directions in the field [13,52,55,56].
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and in green the POVs.

POMs present well-known distinct types of structures, as described elsewhere [15].
Their activity against cancer, as agents fighting bacterial infection or their ability as in-
hibitors of Ca?*-ATPases was previously compared and correlated with specific POMs
features [13,15,52,55,56]. Moreover, the effects of POMs being polyoxotungstates (POTs),
polyoxomolybdates (POMos), polyoxovanadates (POVs) or polyoxopaladates (POPds) in
cancer cell viability were recently analyzed [57]. When comparing and sorting the ICsg
values in ascending order, POVs were obtained first, then POTs, POPds, and finally, PO-
Mos [57]. Among the POMs studied in biological systems, the POV decavanadate (V1p), an
isopolyoxovanate (Figure 1), is perhaps the most studied [20]. However, another POM that

50 -
[ )
V,W,0%; (2)
40
MnV7,
% 30 - [ ) 13
(=]
S 20+ Siwg
o
Ve P
10 °
V,Mo; (1) PV
o o 3 PN r
i - oW, Ti °
0 PaNIR® 77T RV P S N O SeaWi;
T T T T T T
4 6 8 10 12 14
Net charge of POMs
50 -
V,W,07; (2) @
40
301 MnV7;®
=
2
(=]

n 20 9.
o Ve, SiWg
[

10 ®
V,Mo$; (1 PVE; P,Wi3
° P,V WS, ®  oCoW,Ti¥
14-
0 o PWie® o 0 ® o Wiz
p " 2%%17 2%¥15
P,Wis Se,Wjs
T T T T T T T T 1
03 04 05 06 07 08 09 1.0
Charge density of POMs

1.1



Molecules 2025, 30, 4334

14 of 19

should be mentioned is the Preyssler type PsW3q (Figure 1). Besides the several biological
activities summarized elsewhere [8], PsW3y was recently described to act as an agonist
of purinergic P2 receptors in neurons [27]. Regarding POMs effects in neurodegenerative
diseases, for example, Alzheimer’s disease (AD), the most referred to in the AD studies
were the Keggin types Wi, and Wy, as well as the Wells-Dawson type Wig [58-60]. Also
recently, a mixed-valence (MV) polyoxovanadates (V15) that can adopt various structural
patterns, including wheel and bowl-type structures, was described to present several bio-
logical activities, such as Ca?*-ATPase ability and anti-breast cancer activity, besides the
ones described elsewhere [55].

By combining POMs with other organic components, hybrid POMs might enhance
biological activity, improve biocompatibility and reduce toxicity to healthy cells, showing
great promise in clinical treatments for cancer, bacterial infections, viral diseases, as well as
neurological diseases [9,11,12,15,20,55-60]. To our knowledge so far, studies on the use of
pure POMs, hybrid POMs, nanoparticles containing POMs, or MOF containing POMs as
clinically approved drugs are rare or even absent. However, POMs were recently described
in the treatment of skin diseases in humans [61].

In summary, two new hybrid polyoxometalates, Dawson compound 1 and Lindqvist
compound 2, were successfully synthesized and characterized using single-crystal X-ray
diffraction and infrared spectroscopy. The POMs were analyzed regarding the inhibitory
potential for Ca?* ATPase activity using a coupled enzymatic method. ICsy values of
inhibition for POMs concerning a major protein involved in several biological processes
and associated with several diseases, the Ca?t-ATPase, were obtained. It was determined
that compound 1 presented an ICsy value of 3.4 uM, that is, about 13-fold inhibition
potential regarding ATPase activity than compound 2.

By analyzing Ca2+-ATPase inhibitory activity and the structure of POMs using the
same enzymatic assay at the same experimental conditions, a structure-activity-relationship
can be established for a series of 17 POMs inhibitors of this ATPase regarding POMs net
charge and charge density. Further studies are needed to unravel at a molecular level POMs
features that correlate with biological activities.

Using the Ca?*-ATPase vesicles model to look for new Ca?*-ATPase inhibitors, we
aim to push forward future research in the field for other POMs, such as purely inorganic
POMs, hybrids with organic components, and also as nanoparticles and/or metal organic
frameworks (MOFs) as potential drugs that target ATPases. We therefore aim to advance
putative applications in several areas of research.

3. Materials and Methods
3.1. Reagents

Sodium molybdate dihydrate, NapMoOy-2H,O (Sigma-Aldrich, Darmstadt, Germany),
sodium tungstate dihydrate, Na,WO,-2H,O (Sigma-Aldrich, Darmstadt, Germany), am-
monium metavanadate NH; VO3, (Alfa Aesar, Ward Hill, MA, USA), vanadium oxide V,0s
(Alfa Aesar, Ward Hill, MA, USA), dimethylamine (Sigma-Aldrich, Darmstadt, Germany),
diethylenetriamine Sigma-Aldrich, Darmstadt, Germany), and hydrochloric acid (Merck,
Darmstadt, Germany), as well as all other solvents and chemicals obtained from commercial
sources, were used as received without any further purification.

3.2. Characterization

Single-crystal X-ray diffraction data were collected at 109 K for compound 1 using a
Bruker PHOTON III DUO diffractometer equipped with a micro focus sealed X-ray tube,
and at 296 K for compound 2 using a Bruker Kappa APEXII CCD diffractometer equipped
with a fine-focus sealed X-ray tube. Preliminary diffraction images indicated monoclinic
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symmetry for both compounds. Systematically absent reflections suggested the space
group P2 /n for compound 1 and P2; /c for compound 2.

The crystal structures were solved by direct methods using the SHELXS-2019 [62]
program, which enabled the location of both inorganic and organic atoms. The remaining
non hydrogen atoms were located via successive difference Fourier maps using the SHELXL-
2019 [63] program. In the final least-squares refinement of atomic parameters, hydrogen
atoms were treated using isotropic thermal parameters. The final R-values Were Rj; = 0.027
for compound 1 and Rt = 0.129 for compound 2. Crystallographic data and refinement
details are summarized in Table S5.

For further information, the crystallographic data for the synthesized compounds
have been deposited with the Cambridge Crystallographic Data Centre (CCDC) under the
deposition numbers CCDC 2496911 for compound 1 and CCDC 2497371 for compound
2. Functional groups were identified by Fourier-transform infrared (FT-IR) spectroscopy
at room temperature using a Spectrum BX II PerkinElmer spectrometer in the range of
400-4000 cm 1.

3.3. Preparation of Sarcoplasmic Reticulum Vesicles and POMs Solutions

The sarcoplasmic reticulum vesicles (SRV) that contain the Ca?*-ATPase was previ-
ously prepared from rabbit skeletal muscles as described elsewhere [13,25,26]. The vesicles
were suspended in 0.1 M KCI, 10 mM HEPES (pH 7.0), diluted 1:1 with 2.0 M sucrose,
and frozen in liquid nitrogen for storage at —80 °C. SDS-PAGE analysis revealed that
Ca?*-ATPase accounted for at least 70% of the total protein, as described elsewhere [26].
Stock solutions of the POMs compounds (1 mM) were freshly prepared by dissolving the
solid compound in miliQQ water and keeping the solution at room temperature before use.

3.4. Determination of Ca’*-ATPase ICsy Values

For carrying out the determination of Ca?*-ATPase activity assays, the following medium
was prepared: 25 mM HEPES (pH 7.0), 100 mM KCl, 5 mM MgCl, and 50 uM CaCl,.

The experiments were performed with isolated sarcoplasmic reticulum vesicles (SRVs)
previously diluted to 1 mg/mL with a sucrose concentration of 0.25 M (Figure 11). 0.8 mL of
medium described above was added into a quartz cuvette. 0.42 mM phosphoenolpyruvate
(PEP), 18 IU lactate dehydrogenase, 7.5 IU 155 pyruvate kinase, and 2.5 mM ATP without
(control) or with increasing concentrations of POMs were added to this medium. POMs
were added after addition of the medium and before the addition of the enzymes of the
coupled assay. The absorbance of the solution was measured spectrophotometrically at
340 nm, 25 °C, and an auto zero was performed. Subsequently, 0.25 mM NADH was added,
allowing the absorbance value to stabilize to about 1.3 O.D. The assay begins after the
addition of 10 ug/mL of Ca®*-ATPase (basal activity) and one minute after ionophore
A23187 (calcimycin) 4% (w/w) was added (uncoupled activity), and the kinetics followed
for about 2 min in the absence or in the presence of increasing concentrations of POMs,
from 0 to 15 pM for compound 1 and from 0 to 80 pM for compound 2. After the addition
of all the components, the final volume was 1 mL.

For each experimental condition, the experiments were always performed in triplicate.
Therefore, the determination of Ca?*-ATPase activity without and with the inhibitor was
made using a continuous enzymatic method using the measurement of absorbance versus
time (Figure S1), as described elsewhere [13,25,26].
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addition of the enzymes of the coupled assay.
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/ /www.mdpi.com/article/10.3390 /molecules30224334/s1, Figure S1: Example of experimental
registrations of the Ca2+-ATPase inhibition by POMs, using the coupled enzymatic assay. Table S1:
Selected bond lengths (A) and angles (°) for (C2H8N)6[V2Mo018062].3H20; Table S2: Selected
bond lengths (A) and angles (°) for (C4H16N3)2(C4H16N3)4[V2W4019]3.12H20.; Table S3: Hy-
drogen bonds (in A) for (C2H8N)6[V2Mo018062].3H20; Table S4: Hydrogen bonds (in A) for
(C4H16N3)4[V2W4019]3.12H20; Table S5: Crystal data and structure refinement parameters for
compounds 1 and 2.
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CPA cyclopiazonic acid

E-NTPDase ecto-nucleoside triphosphate diphosphohydrolases
HPOMs heteropolyoxometalates

IC50 50% inhibitory concentration
1D distortion index

IPOMs isopolyoxometalates

MOFs metal organic frameworks

MV mixed valence

PEP phosphoenolpyruvate

POMos polyoxomolybdates

POTs polyoxotungstates

POVs polyoxovanadates

SRVs sarcoplasmic reticulum vesicles
TG thapsigargin
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